We have compiled sequences of precursor proteins for 50 mitochondrial proteins for which the mature amino terminus has been determined by amino acid sequence analysis. Included in this set are 8 precursors that have leader peptides that are cleaved in two places by mitochondrial matrix proteases. When these eight leader peptides are aligned and compared, a highly conserved three-amino acid motif is identified as being common to this class of leader peptides. This motif includes an arginine at position -10, a hydrophobic residue at position -8, and serine, threonine, or glycine at position -5 relative to the mature amino terminus. The initial cleavage of these peptides by matrix processing protease occurs within the motif, between residues at -9 and -8, such that arginine at position -10 is at position -2 relative to the cleaved bond. The rest of the motif is within the octapeptide removed by subsequent cleavage catalyzed by intermediate-specific protease. An additional 14 leader peptides in this collection (all of those that contain an arginine at -10) conform to this motif. Assuming that these 14 precursors are matured in two steps, we compared the internal cleavage sites at position -8 with the ends of the other 30 leader peptides in the collection. We find that 74% of matrix processing protease cleavage sites follow an arginine at position -2 relative to cleavage.
Evaluation of the predicted amino-terminal 40 -amino acid residues of a collection of mitochondrial precursors has identified a few features that distinguish the amino termini of proteins destined for the mitochondrion: a nearly total absence of acidic amino acid residues; a preponderance of arginine, serine, and leucine residues relative to a sample of amino-terminal peptides of cytosolic proteins; and a segment with a large predicted helical hydrophobic moment (1) . These features have led to the suggestion that mitochondrial targeting sequences may form positively charged amphiphilic a helices. It has been shown that almost any amino-terminal amphiphilic basic peptide will serve as a mitochondrial targeting signal (2, 3) . While many different amino-terminal peptides will serve as targeting signals, only authentic mitochondrial leader peptides are recognized and removed by mitochondrial proteases. However, there is no obvious pattern in the amino acid sequences found at the junctions of mitochondrial leader peptides and their corresponding mature sequences. While investigators have noted that the cleavage of many leader peptides by mitochondrial matrix proteases fits the motif Arg-XaalXaa (4, 5) , in which Xaa is another amino acid residue, this pattern is neither universal nor of much predictive value, given the frequency of occurrence and the regular spacing of arginine residues in the amino termini of mitochondrial protein precursors. Several observations suggest that the proteolytic removal of mitochondrial leader peptides requires higher order protein structure rather than a specific primary sequence. First, mitochondrial proteases will not cleave denatured precursors (4) . Second, experiments in which mitochondrial leader peptides have been altered by deletion of portions of the precursor molecule or by substitution of amino acid residues within it have revealed residues far from the cleavage site in the primary sequence that affect proteolytic processing (6, 7) . Third, critical regions have been identified within the mature portion of some precursors (8) .
It has been established (9, 10) that some leader peptides are removed in sequential steps by two distinct matrix proteases. These leader peptides are initially cleaved to an intermediate form by the general "matrix processing protease" (5). Formation of the mature amino terminus is then catalyzed by a second, intermediate-specific, matrix protease that most often removes eight amino acids from the amino terminus of the intermediate (5) . In this communication we present an evaluation of mitochondrial leader peptide cleavage sites, taking into account the two-step cleavage of many mitochondrial proteins. This analysis reveals a motif in the primary amino acid sequence of a large subset of mitochondrial leader peptides that, we propose, distinguishes those precursors that are matured by a second cleavage catalyzed by intermediate-specific protease.
The analysis of mitochondrial cleavage has been carried out on a sample of 51 sites in 50 precursor molecules [the two sites of matrix processing protease cleavage of Neurospora crassa proteolipid subunit 9 of the proton-translocating ATPase (F1/Fo-ATPase; ATP phosphohydrolase, protontranslocating, EC 3.6.1.34) have been counted separately] (11). These precursors come from vertebrates, Neurospora crassa, and Saccharomyces cerevisiae. Represented in the collection are nuclear-encoded precursors for protein subunits that are found in three mitochondrial subcompartments: enzymes of the matrix space, integral proteins of the mitochondrial inner membrane, and inner membrane proteins exposed to the intermembrane space. We have included only those precursors for which the mature amino terminus has been determined by amino acid sequence analysis. In the collection are nine precursors for which two cleavages by matrix proteases have been identified (5, (9) (10) (11) (12) (13) (14) (15) . Those proteins of the intermembrane space which are matured by a second cleavage in the intermembrane space (for example, cytochrome b2) have not been included.
RESULTS
In Fig. 1 (marked by asterisk), according to the amino acid sequence motif that is the subject of this report, or according to the mature amino terminus for those precursors for which neither the motif nor protease data were available.
The motif was discovered as follows: the 50 precursor sequences were first aligned according to the amino terminus of the mature protein, and the frequency at which each amino acid occurs at a particular position relative to the end of the leader peptide was determined. Initially, we found a significant peak of arginine at positions -2 (15 of 50) and -10 (22 of 50) and found a high frequency of serine at position -5 (25 of 50). We then considered whether any of these frequently occurring residues ever appear together in the same leader peptide. Highlighted in Fig. 2 are the features that become apparent when the precursors with arginine at position -10 are compared. Of these 22 leader peptides, 19 also have a serine or a threonine at position -5 relative to the mature amino terminus. In addition, the residue at position -8 is always a hydrophobic residue, usually phenylalanine. Remarkably, 8 Fig. 1 ; refer to Fig. 1 Alignment of these 22 leader peptides according to their signature motif places arginine-10 at position -2 relative to the processing protease cleavage site. The number of matrix processing protease cleavage sites having an arginine at position -2 is more than doubled by this procedure, from 17 to 37. Thus, if all of the peptides containing the intermediate motif were cleaved internally by matrix processing protease, 74% of all matrix processing protease sites would have an arginine at position -2. Does the existence of 14 precursors with neither arginine at -2 nor arginine at -10 indicate that these precursors are cleaved by yet a third mitochondrial protease? Perhaps, but at least one of these precursors, the precursor to the f3 subunit of Saccharomyces cerevisiae Fl/Fo-ATPase, is cleaved to its mature size by a 2000-fold purified matrix processing protease fraction (J.P.H., unpublished observations). Furthermore, mutation of arginine-10 in the human ornithine transcarbamylase precursor or rat malate dehydrogenase precursor to alanine has little effect on formation of mature subunits, indicating that precursors without arginine at position -10 can still be substrates for two-step cleavage (69, 70) .
DISCUSSION
The apparent lack of sequence specificity of mitochondrial matrix protease has long been a dilemma for those studying the targeting of precursor proteins to mitochondria. One of the paradoxes is the lack ofprimary sequence similarity at the end of leader peptides. Another is the occurrence of alternative cleavages in particular leader peptides, depending on the source of protease or on the nature of attached passenger protein (14) . Yet a third is the striking effect of changing certain amino acids within the leader peptide on cleavage (69 Proc. Natl. Acad. Sci. USA 86 (1989) Proc. Natl. Acad. Sci. USA 86 (1989) 4059 these residues are important in mediating protease recognition (8) . Deletion of residues within the mature portion of rat omithine transcarbamylase precursor (which is matured in two steps) has no effect, while deletions or substitutions within the last 10 amino acids of the leader peptide (the intermediate portion) block mature formation (9, 71) .
Finally, can the motif we have identified be used to predict the mature amino termini of nuclear-encoded mitochondrial proteins, based on their predicted primary sequence? We looked within the amino-terminal 50 amino acids of all of the precursors in the collection for R-X-(F)-X-X-(S) sites, where R = arginine; X = other amino acid; (F) = phenylalanine, leucine, valine, or isoleucine (all hydrophobic residues); and (S) = serine, threonine, or glycine (see Fig. 2 ). There were 30 matches to the motif: the 19 found at the termini of leader peptides 19-37 and 12 which are not at the end of the leader peptide. Thus, the motif in its most general form is a poor discriminator of authentic amino termini. Nevertheless, recognition of the motif identifies the majority of exceptions to the current best "rule" that mitochondrial leader peptides end two residues after an arginine.
Note. Upon completion of this manuscript, we became aware of a similar survey compiled by von Heijne et al. (72) . These authors also have noted the preponderance of arginine residues at positions -10 and -2 relative to the mitochondrial leader peptide cleavage site, and also suggest that this reflects two-step cleavage of a subset of mitochondrial precursors.
